ABSTRACT Pyridine nucleotide fluorescence made from the surface of the hemoglobin-free perfused rat liver was measured continuously by using a "micro-light guide" placed on selected periportal and pericentral regions of the liver lobule. From the portal oxygen tension at which pyridine nucleotide reduction first occurred in pericentral regions, the oxygen gradient across the liver lobule was estimated in livers from rats treated chronically with ethanol or sucrose. Chronic treatment with ethanol increased the average lobular oxygen gradient from 275 to 400 torr (1 torr = 133 Pa), primarily due to the increase in the oxygen gradient in pericentral regions. Ethanol treatment also increased hepatic oxygen uptake significantly, from 110 to 144 (Iumol/g)/hr. Treatment with the antithyroid drug 6-propyl-2-thiouracil reversed the effect of ethanol on 02 uptake and on the lobular oxygen gradient. The oxygen gradients measured with the micro-light guide were confirmed by direct measurement oftissue oxygen tensions in periportal and pericentral areas by using an oxygen electrode. These data are consistent with the hypothesis that chronic treatment with ethanol causes the pericentral region of the liver lobule to become susceptible to hypoxic cellular injury. This may be responsible, at least in part, for the localized hepatotoxic effects of ethanol.
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Ethanol-induced liver damage is often confined to the pericentral region of the liver lobule (1) (2) (3) . Israel et al. (3) have postulated that ethanol-induced pericentral necrosis results from an accentuated gradient of decreasing oxygen tension from the portal to the central venous end of the sinusoid leading to pericentral hypoxia. This hypothesis is based on the observations that ethanol treatment increased the rate of oxygen uptake in liver slices (4) (5) (6) and perfused liver (7, 8) . In support of this postulate, Israel et aL (3) demonstrated that, after brief exposure to hypoxia, pericentral necrosis was greater in ethanol-treated rats than in controls. Treatment ofrats with the antithyroid drug 6-propyl-2-thiouracil abolished the ethanol-induced increase in liver respiration and diminished the tissue damage produced by hypoxia (3) .
We have used a "micro-light guide" fluorometric technique (9) (10) (11) (12) to test this hypothesis directly. This technique allows continuous measurement of pyridine nucleotide fluorescence from the periportal or pericentral regions of the perfused liver. Chance and co-workers (13, 14) have shown that tissue pyridine nucleotide fluorescence can be used to monitor intracellular oxygen tension indirectly because pyridine nucleotide fluorescence increases when tissue oxygen tension falls below the level (<1 torr; 1 torr = 133 Pa) necessary to satisfy the oxygen requirement of mitochondrial cytochrome oxidase. By measuring the oxygen tension in the influent perfusate at which pyridine nucleotide fluorescence begins to increase in pericentral regions, it is possible to estimate the oxygen gradient across the liver lobule. The results of the present study indicate that the lobular oxygen gradient increases by about 30% in livers from rats treated chronically with ethanol. This effect of chronic ethanol treatment on the lobular oxygen gradient was confirmed by direct measurement of sublobular oxygen tension by using an oxygen electrode. Treatment with 6-propyl-2-thiouracil reversed the effect of ethanol. Preliminary accounts of this work have appeared elsewhere (15) .
MATERIALS AND METHODS
Female Sprague-Dawley rats (200-250 g) received 25% (vol/ vol) ethanol in 25% (wt/vol) sucrose/H20 for 4-6 wk prior to experiments, as described by Porta et al. (16) . Control rats received 25% (wt/vol) sucrose/tap water; both groups of rats had free access to laboratory chow. Livers were perfused with Krebs-Henseleit bicarbonate buffer (pH 7.6) at 37°C as described by Scholz et al. (17) . Oxygen tension in the influent and effluent perfusate was measured continuously with Clark type oxygen electrodes. Rates ofoxygen uptake were calculated from the difference between the influent and the effluent oxygen concentrations, the flow rate, and the liver wet weight.
Tissue pyridine nucleotide fluorescence (366 -; 450 nm) was monitored from the surface of the perfused rat liver by using a micro-light guide as described (9) (10) (11) (12) . Fluorescence was observed from a disk of tissue with approximate dimensions of 240 X 90 x 130,um and a total volume of 3 X 106 ,um3 (11, 12 ).
An oxygen electrode with a tip diameter of 60-80 ,um was prepared by inserting a 50-,um-diameter platinum wire into a glass capillary that was pulled under heat. The tip was coated with Rhoplex (Rhom and Haase, Philadelphia). A Ag/AgCl electrode served as the reference electrode. The electrode was calibrated with 0%, 21%, and 95% 02 at the liver surface after perfusion fixation with 1% formaldehyde. The oxygen sensitivity of the electrode at the surface of the fixed liver was about 0.05 nA/torr, and the 90% response time was 5-10 sec.
Periportal and pericentral regions of the liver lobule were identified from the pattern of surface pigmentation of the perfused liver as described for livers from phenobarbital-treated rats (11, 12) . We identified lightly pigmented areas as periportal regions and darkly pigmented spots as pericentral regions. Infusion of india ink confirmed these identifications in both sucrose-and ethanol-treated rats (Fig. 1 ). When nitrogen instead of oxygen was bubbled through the perfusion fluid reservoir, a rapid decrease in influent P02 occurred, followed by a decrease in effluent P02 after a short lag time (Fig. 2) . Pyridine nucleotide fluorescence of the liver tissue began to increase when the oxygen tension in the influent perfusate decreased to less than 200-400 torr. The rate of in- The 170-pm-tip micro-light guide was placed on a dark spot (pericentral) or a light area (periportal) on the surface of the perfused liver with a flexible mechanical arm. ;, Times at which the equilibrating gas was changed to 95% N2/5% C02 (N2) or 95% 02/5% C02 (02). Influent (b) and effluent (c) oxygen tensions were monitored continuously with Clark type oxygen electrodes. Pyridine nucleotide fluorescence was measured as described (9) (10) (11) (12) Table 1 ). When oxygen was restored to the perfusate, all parameters returned to their respective baselines. Reoxidation of pyridine nucleotides proceeded about twice as fast in the periportal region of the liver as in the pericentral region ( Table 1 ).
The influent P02 at which the fluorescence ofthe pericentral region began to increase approximates the oxygen gradient across the liver lobule (lobular oxygen gradient), while the P02 at which the fluorescence ofperiportal region began to increase reflects the oxygen gradient mostly confined within the periportal portion of the liver lobule (periportal oxygen gradient). The difference between the lobular gradient and the periportal gradient represents the pericentral oxygen gradient (see Discussion). In livers from sucrose-treated rats, the lobular oxygen gradient averaged 275 torr with an intralobular distribution of 208 torr in the periportal region and 67 torr in the pericentral area (Table 2) . After ethanol treatment, the lobular oxygen gradient increased to 400 torr, primarily due to an increase in the pericentral region. This 45% increase in the oxygen gradient was accompanied by a similar increase in hepatic oxygen uptake. Treatment with 6-propyl-2-thiouracil prevented both the increase in the lobular oxygen gradient and the increase in hepatic oxygen uptake ( regions of the liver lobule, and exits the organ by the hepatic vein. Krogh (19) and others (20) (21) (22) (23) and from 100 to 500 torr in the hemoglobin-free perfused liver (24) . Although these observations indicated that oxygen gradients exist in liver tissue, no attempt was made to correlate oxygen tension with the anatomical structure of the liver lobule.
Chance and co-workers (13, 25) Chance et al. (27) measured the distribution of pyridine nucleotide fluorescence intensities in small cubes of tissue isolated from freeze-trapped liver. They observed an inhomogeneous distribution of fluorescence intensities but did not correlate the optical data with the anatomical structure of the liver. In contrast, NAD+ and NADH contents determined by quantitative histochemistry were distributed uniformly over the liver lobule (28) . The reason for this discrepancy is not known.
To understand the relationship between tissue oxygen tension and the structure of the liver, we recently modified the micro-light guide originally developed by Ji et al. (11, 12) so that the tip could be placed selectively on either the periportal or the pericentral region of the liver lobule. This selective placement was possible because light areas and dark spots visible on the liver surface correspond, respectively, to periportal and pericentral regions (Fig. 1) . Because the diameters of the peri- Procedures were similar to those in Fig. 2 . Control rats were given 25% (wt/vol) sucrose in drinking water for 4-6 wk. Ethanol-treated rats were fed the Porta diet for 4-6 wk. Ethanol/PrSur-treated rats were given the Porta diet for 6 wk and then given PrSur plus the Porta diet for 3 to 4 more wk. PrSur was suspended in 1 ml of corn oil and administered by gastric incubation (50 mg/kg of body weight). Results are mean ± SEM. * Significantly different from control; P < 0.01 (Student's t test). t Significantly different from control; P < 0.001 (Student's t test).
If we assume that the P02 in the terminal portal venule (18) equals the P02 entering the cannulated portal vein, the influent P02 at which the pyridine nucleotide fluorescence begins to increase in pericentral areas can be regarded as the oxygen gradient across the liver lobule (lobular oxygen gradient). This follows from the fact that the P02 of the areas showing fluorescence increase will be virtually zero due to high affinity of cytochrome oxidase for oxygen (14, 26) . Similarly, the influent P02 at which the pyridine nucleotide fluorescence begins to increase in periportal areas is equal to the oxygen gradient confined to the periportal portion of the liver lobule (periportal gradient).
Oxygen gradients calculated from direct P02 measurements made with the oxygen electrode were in excellent agreement with those calculated from optical data (Tables 2 and 3) . Therefore, we conclude that the method for calculating oxygen gradients from inflow P02 values at which pyridine nucleotides become reduced is a valid means for investigating the lobular oxygen gradient in the perfused liver.
In addition to the lobular oxygen gradient, an intracellular oxygen gradient also exists (29) (30) (31) (32) . Chance and co-workers (29) estimated the intracellular oxygen gradient in isolated hemoglobin-free perfused rat heart by using a pair ofoxygen-sensitive intracellular pigments, cytochrome a/a3 and myoglobin. Based on the observation that both ofthese probes exhibited identical half-maximal responses when the oxygen tension was altered despite a 10-fold difference in their affinities for oxygen (0.1 vs. 1 torr), it was concluded that the intracellular oxygen gradient was very steep. Sies (31) (Tables 2 and 3 ). The periportal gradient (208 and 278 torr) was considerably larger than the pericentral gradient (67 to 79 torr). This observation is consistent with the presence of larger mitochondria with more abundant cristae in periportal hepatocytes (33) . In livers from chronically ethanol-treated rats, the lobular oxygen gradient increased to 400 torr measured optically and to 424 torr measured with the electrode. This increase in the oxygen gradient was accompanied by a similar increase in hepatic oxygen uptake and was confined primarily to the pericentral region of the lobule (Tables 2 and 3 ). This is of interest because ethanol causes pericentral injury in experimental ani- mals and man. Presumably, the increase in hepatic oxygen uptake caused by ethanol treatment was also confined to the pericentral portion of the liver lobule. These results indicate that the increased oxygen uptake that results from chronic treatment with ethanol indeed increases the oxygen gradient along the sinusoid. These observations plus the fact that chronic ethanol treatment leads to a selective increase in the basal fluorescence intensity in pericentral regions (Table 1) indicate that pericentral hepatocytes are more vulnerable than periportal cells to ethanol-induced biochemical aberrations.
Israel and co-workers (4, 5) demonstrated that chronic treatment with ethanol increased the oxygen uptake of liver slices, a finding that was confirmed in the perfused rat liver (7, 8) . However, one report that chronic treatment with ethanol does not enhance hepatic oxygen uptake has also appeared (34). Yuki and Thurman (8) have recently shown that enhanced hepatic oxygen uptake can occur very rapidly (in 2 to 3 hr) and is due, in part, to diminished ATP synthesis via glycolysis.
Israel et al. (3) also demonstrated that ethanol-treated rats are more susceptible to liver damage when exposed to hypoxia or ischemic shock than controls. They concluded that the elevated oxygen uptake of heptatocytes resulting from ethanol treatment accentuated the oxygen gradient and rendered the pericentral region of the liver lobule hypoxic. Further, they showed that the antithyroid drug 6-propyl-2-thiouracil reversed both the elevated hepatic oxygen uptake and most ofthe pericentral liver damage. 6-Propyl-2-thiouracil has subsequently been shown to reduce hepatic inflammation in chronic alcoholics (35) . In recent experiments, we have demonstrated the possible role of the lobular oxygen gradient in the production of pericentral liver injury during hypoxia (36) . In isolated perfused rat liver, low-flow hypoxia led to the formation of stable circumscribed zones ofanoxia in pericentral regions. This anoxia rapidly caused severe hepatocellular injury confined to pericentral regions as determined by scanning and transmission electron microscopy. Thus, when oxygen delivery is insufficient to meet oxygen demand in the liver, anoxic zones developed around the central venules and led to pericentral cell injury.
6-Propyl-2-thiouracil prevents hypoxia-induced pericentral necrosis in livers from ethanol-treated rats (3) and also inhibits the "swift increase in alcohol metabolism" syndrome (37) . We found that treatment ofrats with 6-propyl-2-thiouracil abolished both the increase in tissue respiration and the enhanced pericentral oxygen gradient in perfused livers caused by chronic ethanol treatment (Table 2) . These results provide evidence in support of the hypothesis that chronic ethanol treatment causes pericentral regions of the liver to become susceptible to hypoxia-induced cellular injury, as postulated by Israel et al. (3) .
